INTRODUCTION
============

In contrast to viral vector-based gene delivery approaches, nonviral DNA-based approaches have very large DNA insert capacity ([@R1], [@R2]) and the ability to efficiently reexpress reinjected genes in immunocompetent hosts ([@R3], [@R4]). Nonviral, systemic DNA-based approaches typically use cationic polymers or lipids to mediate delivery, either complexed to DNA (polyplex or lipoplex, respectively) ([@R1], [@R2]) or administered sequentially ([@R5]--[@R7]). Unfortunately, such approaches often produce subtherapeutic levels (as well as transient duration) of transgene-encoded protein production ([@R2]) and can elicit unacceptable host toxicity ([@R8], [@R9]). To date, these three critical limitations have precluded the successful translation of nonviral, DNA-based approaches as human therapeutics. To overcome these limitations, we developed HEDGES (high-level extended duration gene expression system), a nonviral DNA- and liposome-based in vivo gene delivery and expression platform.

RESULTS
=======

Durable therapeutic expression of hG-CSF following HEDGES delivery
------------------------------------------------------------------

Human granulocyte-colony stimulating factor (hG-CSF) or Neupogen is a U.S. Food and Drug Administration (FDA)--approved cytokine widely used to minimize chemotherapy-induced neutropenia ([@R10]). We first assessed the duration of therapeutic serum hG-CSF levels produced in immunocompetent, outbred CD-1 mice following the intravenous cationic liposome-based injection of hG-CSF cDNA expression vectors. Previously, one systemic, lipoplex-based injection of an hG-CSF cDNA vector produced detectable hG-CSF serum levels for \<3 days in mice ([@R4]). In the present study, we systematically tested the effects of different combinations of DNA vector, lipid carrier, and/or vector:carrier coformulation modifications to identify those combinations that increased systemic expression of HEDGES-delivered cDNAs and/or reduced its toxicity. The HEDGES gene delivery platform that produced maximal gene expression and minimal toxicity included the following: (i) sequential cationic liposome-DNA injection (liposomes are intravenously coinjected first, followed 2 minutes later by the intravenous injection of plasmid DNA alone); (ii) use of DNA lacking CpG dinucleotide sequences ([@R3], [@R11]); and (iii) coinjecting cationic plus neutral liposomes, each stably incorporating dexamethasone palmitate in the lipid bilayer. Selective modifications of DNA vector regulatory elements and/or expression cassettes, as well as of liposome mean diameter and lamellar structure, further improved HEDGES transfection efficiency (the level of the transgene protein product produced over time), as well as the ability to control the duration of transgene protein production after a single injection (by selectively modifying aspects of either DNA vector design and/or cationic liposome formulation).

The duration of hG-CSF serum protein expression after one intravenous HEDGES injection into outbred immunocompetent CD-1 mice is shown in [Fig. 1](#F1){ref-type="fig"}. Outbred CD-1 mice, which have greater diversity of major histocompatibility complex (MHC) complex alleles than genetically inbred animals, were used to more realistically mimic human studies in which MHC polymorphisms would be expected to have a considerable impact on undesirable immunogenicity occurring as part of gene therapy. We injected either a single expression cassette vector, in which the human elongation factor-1α (EF-1α) promoter drove a single hG-CSF cDNA (EF-1pro/hG-CSF) or a dual-cassette vector in which the EF-1α promoter element was used to separately drive expression of an hG-CSF and a luciferase cDNA (EF-1pro/Luc--EF-1pro/hG-CSF) (see table S1). The dual-cassette EF-1pro/Luc--EF-1pro/hG-CSF vector produced therapeutic serum hG-CSF levels (\>100 pg/ml) for \<15 days. Absolute neutrophil counts (ANCs) were elevated fivefold over controls at day 8 but dropped to less than twofold by day 15. In contrast, the single-cassette EF-1α/hG-CSF vector produced therapeutic hG-CSF serum levels for at least 57 days in mice. In addition, the ANC remained greater than 20-fold above normal throughout this period. As previously achieved in healthy rats using an adeno-associated virus (AAV)--hG-CSF vector ([@R12]), HEDGES treatment of healthy mice produced serum hG-CSF levels \>100 pg/ml as well as increased ANCs \>15-fold from baseline. A similar fold change in ANC in neutropenic patients reduced opportunistic infections ([@R13], [@R14]). However, hG-CSF serum concentrations required to increase ANC \>15-fold in human patients have been reported to be significantly higher \[in the 4 to 5 ng/ml range ([@R15])\].

![One intravenous HEDGES hG-CSF cDNA injection produces prolonged hG-CSF protein production and bioactivity in mice.\
(**A**) Serum hG-CSF levels are shown from groups of mice (three mice per group) treated with liposomes followed by either an EF1/hG-CSF or an EF1/Luc--EF1/hG-CSF expression vector or LRS (control) at indicated times. Differences between EF1/hG-CSF vector and EF1/Luc--EF1/hG-CSF vector are significant (*P* \< 0.05) by *t* test at days 1, 22, and 29. hG-CSF levels in sera from untreated control mice, as well as from mock-treated control mice (mice receiving HEDGES-mAb cDNAs), were undetectable in this hG-CSF ELISA. (**B**) Neutrophil counts are displayed from groups of mice treated as in (A). Differences are significant (*P* \< 0.01) at days 8, 15, and 22. (**C**) Serum hG-CSF levels from groups of mice (five per group) injected with the following DNA/liposome combinations: mCMVenh:hCMVpro/hG-CSF and MLV, mCMVenh:EF1pro/hG-CSF and SUV, and hCMVenh:hCMVpro/hG-CSF and MLV. Differences between MLV and SUV groups subsequently injected with EF1/hG-CSF are significant at days 154, 161, 182, and 197. (**D**) Hematoxylin and eosin--stained spleen (top) and bone marrow (bottom) tissue sections harvested from control mice or mice injected 582 days earlier with SUV liposomes and EF1/hG-CSF. Scale bars, 25 μm. (**E**) hG-CSF serum levels from groups of mice (*n* = 3) injected 24 hours earlier with EF1/hG-CSF plasmid DNA or PCR-generated (linear, closed-end linear, or circularized) EF1/hG-CSF DNA. (**F**) hG-CSF serum levels at indicated time points from groups of mice (*n* = 3) injected with EF1/hG-CSF either as plasmid DNA or as PCR-generated circularized DNA. A third group, initially injected with circularized PCR DNA underwent reinjection 35 days after the initial injection. Reinjected PCR and plasmid groups are significantly different at day 106. (A, B, C, E and F) Graphs represent mean ± SEM. One representative result from two to five independent experiments is shown. Statistical significance was tested by the two-tailed Student's *t* test or ANOVA where appropriate.](aax0217-F1){#F1}

We then selectively modified either the cationic liposome formulation or DNA vector enhancer-promoter elements in an attempt to further control the duration of hG-CSF serum protein production by the single-cassette HEDGES EF-1pro/hG-CSF cDNA vector. [Figure 1C](#F1){ref-type="fig"} shows that the use of different enhancer-promoter combinations as well as of different cationic liposome formulations can each independently control the duration of hG-CSF protein production. Therapeutic serum hG-CSF levels produced by one intravenous injection of a HEDGES-based murine cytomegalovirus (CMV) enhancer and EF-1α promoter cDNA construct (mCMVenh:EF-1pro/hG-CSF cDNA vector) (table S1) 2 minutes after intravenous injection of DOTAP (1,2-dioleoyl-3-trimethylammonium-propane chloride) in the form of small unilamellar vesicles (SUVs), with a mean diameter of 74 nm as measured by laser light scattering (lls), persisted for \>575 days. In contrast, hG-CSF serum levels in mice receiving the same mCMVenh:EF-1pro/hG-CSF vector following injection of larger DOTAP multilamellar vesicles (MLVs), with a mean diameter of 339 nm as measured by lls, while initially as high as in the SUV-injected mice, became undetectable by day 200 following injection. The significant differences in hG-CSF protein production over time produced by injecting DOTAP MLV versus SUV liposomes are intriguing. This difference cannot be reflective of a longer duration of the SUV themselves, since all liposomes will be eliminated within a time much shorter than the period of hG-CSF protein production. Furthermore, the shorter duration of hG-CSF protein production associated with MLV does not appear to be caused by its transfecting fewer cells, since expression for MLV is initially higher than for SUV. Therefore, it seems unlikely that the shorter duration is, in essence, caused by a statistical decay in expression over time. Instead, these differences may relate to the effects that particle size has on the vascular areas transfected and that expression in some cell types or certain areas of the vasculature may be of longer duration than others.

In addition, while the human CMV enhancer/human CMV immediate early promoter (hCMVenh:hCMVpro) and mCMV enhancer/EF1 promoter (mCMVenh:EF1pro) combinations preinjected with MLV in mice (table S1) each produced similar initial hG-CSF serum levels for the next 200 days, the hCMVenh:hCMV proinjected group's hG-CSF levels remained therapeutic for at least 60 days longer. Together, our results show that a single intravenous HEDGES injection can substantially prolong therapeutic hG-CSF serum levels compared to those produced by intravenous injection of conventional lipoplex ([@R4]). Our results also demonstrate that selectively modifying the DNA vector enhancer-promoter, the liposome formulation and size, or the number of expression cassettes per DNA vector can each control the duration of nonvirally delivered, cDNA-encoded protein production. By combining selected DNA vector, carrier, and/or coformulation modifications, the HEDGES platform was able to produce therapeutic hG-CSF levels for periods ranging from \<21 to \>575 days ([Fig. 1, A to C](#F1){ref-type="fig"}). Since recombinant hG-CSF protein is typically administered to patients as a 10-day course ([@R10]), the ability to control the duration of expression of HEDGES-delivered genes without requiring the use of gene switches should potentially confer significant advantages.

One HEDGES SUV-based EF-1-hG-CSF cDNA injection also increased tissue neutrophil progenitor cell infiltration into murine spleen and bone marrow for extended periods, documenting that the cDNA-encoded hG-CSF protein remained bioactive for ≥582 days after injection. [Figure 1D](#F1){ref-type="fig"} shows replacement of normal erythroid elements in mouse spleen as well as in bone marrow with nearly solid sheets of immature polymorphonuclear leukocytes at day 582 after injection. As expected from prolonged expression of a human protein in immunocompetent mice, mouse anti-human G-CSF antibodies appeared in EF-1pro/hG-CSF cDNA-injected mice by day 22 following injection (fig. S1), although their ongoing presence did not appear to significantly limit hG-CSF--mediated induction of neutrophilia over time.

Previously, lipoplex-based vectors injected intravenously were shown primarily to transfect vascular endothelial cells (VECs), as well as monocyte/macrophages, as revealed by both light and electron microscopy 24 hours after injection ([@R16]). Consistent with these findings, we found that HEDGES delivery of a human p53 cDNA resulted in VEC expression of hTP53, a nonsecreted protein, 24 hours later (fig. S2). In addition, despite producing therapeutic hG-CSF serum protein levels as well as bioactivity for \>582 days after a single HEDGES hG-CSF cDNA injection ([Fig. 1, C and D](#F1){ref-type="fig"}), integration of the HEDGES DNA vector into genomic DNA of treated mice was undetectable in any of four tissues assayed (lung, liver, spleen, and thymus) (fig. S3). However, assaying a wider range of tissues would be required to more completely exclude this possibility. The lung is the organ most efficiently transfected by sequential injection of cationic liposomes followed by plasmid DNA ([@R6]). To more precisely assess the specific cell types HEDGES transfects, as well as the percentage of cells transfected, we measured *Escherichia coli* β-galactosidase (β-GAL) transgene expression by fluorescent flow cytometric analysis, 24 hours after intravenous, HEDGES-based injection of the β-GAL cDNA. As shown in fig. S4, approximately 25% of lung VECs were transfected. Similar to HEDGES-based delivery of the human p53 cDNA (fig. S2), VECs in the lung were the primary cell type transfected by HEDGES-based delivery of the β-GAL cDNA. As normal lung VECs are largely nondividing over time ([@R17]), these results are consistent with the hypothesis that HEDGES DNA vectors are both retained and expressed as episomes for prolonged periods within nondividing VECs.

We then compared the effects on hG-CSF serum levels produced following one intravenous HEDGES injection of an hG-CSF cDNA vector delivered as plasmid DNA or as linear-, closed-end linear-, or circularized polymerase chain reaction (PCR)--generated DNA in CD-1 mice. Only the circularized, PCR DNA-generated DNA conformation produced significantly higher hG-CSF serum levels than those produced by plasmid DNA ([Fig. 1E](#F1){ref-type="fig"}). Lipoplex formulations have been shown to be reexpressed efficiently following reinjection in immunocompetent mice ([@R3], [@R4]). Similarly, we found that a single reinjection of the EF1pro/hG-CSF cDNA as circularized, PCR-generated DNA further increased hG-CSF levels for \>100 days compared to non-reinjected mice ([Fig. 1F](#F1){ref-type="fig"}). Thus, a single reinjection of circularized PCR-DNA can further elevate ongoing serum levels of HEDGES-produced therapeutic proteins.

Safety and performance of the HEDGES delivery platform
======================================================

Intravenous lipoplex gene therapy in mice has demonstrated significant host toxicity. Specifically, intravenous lipoplex-based therapy increases alanine and aspartate aminotransferase (ALT and AST) levels to 40-fold within the first 48 hours after injection into mice ([@R9]), induces cytokine responses that significantly limit the duration of transgene expression ([@R18]), and can produce 100% mortality within 24 hours at high DNA doses (100 μg per mouse) ([@R8]). Prior work has shown that sequential intravenous injection of cationic liposomes followed by intravenous plasmid DNA could simultaneously reduce inflammation ([@R7]) that may promote hepatotoxicity as well as increase transgene expression ([@R6]). Similarly, the use of CpG-free DNA for nonviral gene delivery has also resulted in less innate immune stimulation, which was associated with decreased toxicity and increased gene expression after intravenous or aerosol administration ([@R3], [@R11]). Here, we combined these approaches with HEDGES. The sequential intravenous injection of DOTAP followed by ≥100 μg of CpG dinucleotide-free DNA increased ALT and AST levels only fourfold above background levels 24 hours after injection, which returned to background levels by 48 hours ([Fig. 2A](#F2){ref-type="fig"}). Despite using DNA doses that produced 100% mortality within 48 hours when injected as lipoplex ([@R8]), no mortality was observed in HEDGES-injected mice receiving up to a 120-μg DNA dose ([Fig. 2A](#F2){ref-type="fig"}).

![Evolving HEDGES platform incrementally lowers toxicity while increasing expression.\
(**A**) Alanine transaminase (ALT) and aspartate transaminase (AST) levels at 24 and 48 hours from mice injected with LRS (control) or 1000 nmol of DOTAP liposomes, followed by 100 or 120 μg of an EF1pro/hG-CSF DNA vector. Means ± SEM are displayed. \*\**P* \< 0.01 compared to control by ANOVA. ns, not significant. No mortality was observed in HEDGES-injected mice receiving up to a 120-μg dose of DNA. (**B**) hG-CSF and (**C**) rituximab serum levels 24 hours after HEDGES injection. DOTAP only received 1120 nmol DOTAP liposomes; DOTAP, neutral lipid, and Dex received 1120 nmol DOTAP liposomes incorporating 2.5 mol % Dex-Palm, 1000 nmol DMPC liposomes incorporating 5 mol % Dex-Palm, and intraperitoneal water-soluble dexamethasone (40 mg/kg) 2 hours before intravenous injections. Mice receiving liposomes also received 88 μg of DNA vector encoding hG-CSF or rituximab. (**D**) Serum ALT levels from groups of mice in (B) and (C) 24 hours after injection. \**P* \< 0.05 and \*\**P* \< 0.01 by the two-tailed unpaired Student's *t* test. One representative result from two to three independent experiments is shown.](aax0217-F2){#F2}

Production of prolonged therapeutic monoclonal antibody (mAb) serum levels following systemic administration of nonviral DNA- plus lipid-based approaches has not previously been reported ([@R19]). In contrast, HEDGES produced extended serum levels of three different mAbs. Specifically, HEDGES produced extended therapeutic serum levels of an anti-human CD20 mAb, rituximab, which is approved to treat human B lymphocyte--derived malignancies and autoimmune diseases ([@R20]). We modified our original HEDGES dual expression cassette DNA vector to express the CpG-depleted anti-human CD20 heavy and light immunoglobulin (IgG) chain cDNAs for expression codon-optimized for mice. To minimize or obviate proinflammatory mediators that contribute to lipoplex-mediated toxicity as well as inhibit transgene expression, we intraperitoneally administered one dose of aqueous soluble dexamethasone before injecting HEDGES. In addition, we stably inserted dexamethasone palmitate into both liposome bilayers of a coinjected cationic and neutral liposome mixture, an approach that specifically targets dexamethasone to the cells that internalize the liposomes to which they are coupled. This approach has been used to effectively treat human patients with lethal macrophage activation syndrome resistant to conventional corticosteroid therapy ([@R21]). One intravenous injection of this dexamethasone-modified HEDGES anti-human CD20 mAb platform produced bioactive levels that persisted for \>275 days ([Fig. 3A](#F3){ref-type="fig"}). Sera harvested from these mice for at least 288 days postinjection lysed CD20-positive Raji human B cell lymphoma target cells as effectively as recombinant rituximab protein ([Fig. 3B](#F3){ref-type="fig"}). In contrast to postinjection hG-CSF levels ([Fig. 1A](#F1){ref-type="fig"}), anti-human CD20 mAb serum levels did not drop significantly from day 1 to day 8 after injection. This likely reflected the significantly longer protein serum half-life of rituximab of approximately 10 days ([@R22]) \[due, at least in part, to Fc receptor recycling of the mAb from the tissues into the blood ([@R23])\], compared to hG-CSF's serum half-life of less than 5 hours ([@R24]).

![One intravenous HEDGES injection of multicassette DNA vectors encoding cognate mAb heavy- and light-chain cDNAs produce prolonged bioactive mAb serum proteins.\
On day 0, groups of CD-1 mice (*n* = 3) were given dexamethasone intraperitoneally 2 hours before intravenous coinjection of 1120 nmol DOTAP + Dex and 1000 nmol DMPC + Dex liposomes and 2 minutes later intravenously, and then 88 μg of mAb heavy- and light-chain cDNA vector intravenously. Control mice received LRS. (**A**) Mean ± SEM rituximab serum levels at indicated time points were measured by ELISA. mAb levels in sera from untreated control mice, as well as from mock-treated control mice (mice receiving HEDGES encoding unrelated mAb cDNAs), were undetectable in the rituximab, 5J8 mAb, and mepolizumab ELISAs, respectively. (**B**) Mean ± SEM viability of CD20+ Raji lymphoma target cells is shown following incubation with human plasma and sera from anti-CD20 or control HEDGES-treated mice isolated at indicated time points. Target Raji cells incubated with recombinant rituximab (10 mg/ml) is also presented for comparison. \*\*\**P* \< 0.001 and \**P* \< 0.05 by ANOVA method. (**C**) Mean ± SEM anti--IL-5/mepolizumab serum levels are shown over time by ELISA. 5J8 anti-H1 IAV mAb serum levels were measured by ELISA (**D**) and tested in parallel for capacity to neutralize Cal09 H1N1 IAV in a microneutralization assay (MNT) at indicated time points (**E**). Serum from HEDGES-rituximab--treated mice (control) served as controls at all time points in ELISA and MNT. (**F**) Mepolizumab and hG-CSF serum levels over time following intravenous HEDGES injection of an 8.8-kb triple-cassette cDNA vector encoding hG-CSF and mepolizumab heavy- and light-chain cDNAs. Graphs represent mean ± SEM. One representative result from two to three independent experiments is shown.](aax0217-F3){#F3}

While HEDGES-based injection of the rituximab heavy- and light-chain cDNAs produced ongoing serum levels of rituximab, these levels varied significantly over time ([Fig. 3B](#F3){ref-type="fig"}). HEDGES injection of cDNA for rituximab, a humanized mAb, into fully immunocompetent, outbred CD-1 mice, created the potential to elicit a mouse anti-human protein antibody immune response. We examined this possibility by assessing whether HEDGES-rituximab cDNA-injected mice produced mouse anti-rituximab antibodies over time, as well as whether the presence of such antibodies altered serum rituximab levels. As shown in fig. S5, only a minority of the HEDGES rituximab cDNA-injected mice per group developed mouse anti-rituximab antibodies, an observation consistent with the use of outbred mice. This variability in antitransgene immune response between individual mice likely reflects the genetic diversity in the MHC locus of the outbred strain used for these experiments ([@R25]). In each mouse that developed mouse anti-rituximab antibodies, serum rituximab levels then fell toward background levels. In contrast, rituximab serum levels were maintained in the mice that did not develop these antibodies. This immunological heterogeneity between individual outbred mice conferred significant variability in serum rituximab levels produced over time within individual mouse groups. In addition, it has previously been shown that altering the expression of endogenous, transfection-controlling cellular genes can produce significant alterations in the expression levels of transgenes transfected by lipoplex-based methods ([@R26]). Thus, it is possible that physiologic variations in the expression of endogenous, transfection-controlling genes in mice may modulate ongoing transgene expression levels in transfected VECs over time.

We also observed that pretreatment with dexamethasone combined with the HEDGES platform using dexamethasone-modified liposomes significantly increased hG-CSF ([Fig. 2B](#F2){ref-type="fig"}) as well as anti-human CD20 mAb ([Fig. 2C](#F2){ref-type="fig"}) serum levels following injection of either the hG-CSF or anti-human CD20 mAb heavy and light IgG chain cDNAs, respectively. Dexamethasone addition also significantly further reduced ALT levels compared to the initial, dexamethasone-free HEDGES platform ([Fig. 2, A and D](#F2){ref-type="fig"}).

mAB expression with HEDGES delivery
===================================

To determine whether HEDGES could be generally used to achieve prolonged cDNA-based mAb expression, we then evaluated this platform's production of mepolizumab, a humanized anti--human interleukin-5 (hIL-5) mAb approved to treat severe asthma, as well as of 5J8, a human mAb directed against H1 hemagglutinin and capable of neutralizing the 1918 and 2009 H1N1 pandemic influenza A virus (IAV) strains ([@R27], [@R28]). One HEDGES injection of the anti--hIL-5 mAb DNA vector encoding the heavy and light IgG chain cDNAs into CD-1 mice produced serum mAb levels in the 5 μg/ml range within 24 hours of injection, which persisted for \>220 days ([Fig. 3C](#F3){ref-type="fig"}). Similarly, one HEDGES-based injection of a DNA vector encoding the heavy and light IgG chain cDNAs of 5J8 into CD-1 mice also produced serum 5J8 mAb levels in the 5 μg/ml range for at least 180 days ([Fig. 3D](#F3){ref-type="fig"}). The 5J8 mAb transgene-encoded protein product was functionally active, as sera from HEDGES 5J8-treated CD-1 mice neutralized the H1N1 2009 (Cal/09) IAV pandemic strain. This neutralization activity was present by 24 hours after injection and persisted for at least 180 days ([Fig. 3E](#F3){ref-type="fig"}).

Last, as proof of concept for using HEDGES to provide therapy involving multiple gene products, we tested its ability to efficiently coexpress three different genes from a single DNA vector. [Figure 3F](#F3){ref-type="fig"} shows that a single intravenous HEDGES-based injection of a triple expression cassette plasmid DNA vector containing the cDNAs for hG-CSF and the anti--hIL-5 mAb heavy and light IgG chains simultaneously produced therapeutic serum levels of hG-CSF and anti--hIL-5 mAb for at least 70 days. Thus, one HEDGES-based injection of an 8.8-kb DNA vector containing a 7.2-kb DNA insert produced therapeutic levels of three different cDNA-encoded therapeutic proteins (one complete mAb and one cytokine) for an extended period.

DISCUSSION
==========

Ideally, DNA-based in vivo gene transfer and expression platforms should be able to efficiently produce one or more cDNA-encoded therapeutic proteins for controlled periods, ranging from durable to short term after one injection, without requiring the use of gene on/off or suicide switches. They should also be able to serially reexpress these cDNA-encoded proteins upon reinjection into fully immunocompetent hosts. They should do so without eliciting significant host toxicity, antivector-specific adaptive immune responses, or detectable DNA vector integration into host genomic DNA.

Results presented here show that HEDGES, a systemic, nonviral DNA-based injection platform, can achieve all these goals in outbred, immunocompetent mice. We have used HEDGES to express a range of different human protein therapies in fully immunocompetent, outbred mice to maximize their translational relevance for human studies. Our demonstration that HEDGES can produce bioactive levels of human protein therapies for prolonged periods in immunocompetent, outbred mice is previously unknown as nonviral, DNA-based mAb delivery studies have routinely used inbred mice, rendered immunodeficient either genetically ([@R29]) or by preinjection of anti-mouse T cell--depleting antibodies ([@R30]). The use of outbred rather than genetically inbred animals should more realistically recapitulate the more variable intragroup results characteristic of human studies than inbred mouse strains ([@R31]). A salient feature of HEDGES is its ability to produce biologically active levels of single or multiple transgene-encoded proteins for extended periods of time, accompanied by only minimal, transient postinjection toxicity. In addition, despite persistent transgene expression following a single treatment, integration of the HEDGES DNA vector into mouse genomic DNA was undetectable in each of the four tissues examined here, indicating that the vector DNA was likely maintained episomally in the nucleus of long-lived, nondividing cells, primarily VECs. Furthermore, the duration of hG-CSF DNA-encoded protein production was controllable across a broad temporal range by selectively modifying the DNA vector, cationic carrier system, and/or their coformulation, without using ligand-induced suicide or on/off switches. HEDGES cDNA-encoded proteins were efficiently reexpressed following reinjection into immunocompetent mice. In contrast, injection of recombinant AAV vectors elicits anti-AAV adaptive immune responses that limits or prevents transgene reexpression following AAV re-injection into immunocompetent hosts ([@R32]). Similarly, HEDGES' ability to efficiently coexpress three different therapeutic proteins from a \>7-kb DNA insert contrasts with AAV's more limited DNA insert capacity of \<4.8 kb ([@R33]), and therefore its more limited ability to coexpress multiple different cDNAs.

When compared to liposome-DNA (lipoplex)--based approaches, HEDGES is significantly less toxic \[100 μg per mouse lipoplex DNA doses are associated with 100% mortality within 24 hours ([@R8]), whereas HEDGES DNA doses \>100 μg per mouse produced no mortality ([Fig. 2B](#F2){ref-type="fig"})\]. HEDGES also produces substantially longer duration of injected transgene expression ([Fig. 1A](#F1){ref-type="fig"}) than lipoplex. Specifically, one systemic HEDGES-based injection of the hG-CSF cDNA produced \>100 pg/ml serum hG-CSF levels for at least the next 582 days ([Fig. 1C](#F1){ref-type="fig"}), whereas one systemic lipoplex-based injection of the hG-CSF cDNA produced detectable serum hG-CSF levels for \<3 days ([@R4]). Systemic mRNA-based nucleic acid delivery approaches can produce very high peak levels of mRNA-expressed proteins in a variety of different cell types. However, mRNA's short half-life generally produces encoded proteins only for relatively short periods after injection ([@R34], [@R35]). The combination of short-term protein production plus the potential for significant host toxicity following repeated reinjection of mRNA-carrier complexes currently limits their utility for longer-term protein production ([@R34], [@R35]). To further improve HEDGES efficacy and safety profile, efforts to modify it to efficiently express larger DNA inserts (\>10 kb) in vivo as well as to further reduce HEDGES host toxicity to background level are ongoing.

HEDGES' ability to produce serum mAb levels that provide effective virus neutralization within 24 hours of injection that persisted for \>180 days suggests that it may provide rapid-onset, long-lasting immunity to highly pathogenic viruses, even in immunocompromised hosts who are refractory to conventional vaccination approaches. Thus, HEDGES-based therapy may be applicable to a wide range of clinical situations in which the expression of one or more different therapeutic and/or protective genes for controlled periods would be beneficial. HEDGES will continue to evolve as a modular platform that may be adapted for treating a spectrum of genetic diseases caused by the aberrant expression of either one or more genes, as well as for conferring prolonged protection against a range of infectious diseases.

MATERIALS AND METHODS
=====================

In vivo protocols and mice
--------------------------

Female outbred Hsd:ICR (CD-1®) mice (7 to 10 weeks old, from Envigo or Charles River Laboratories) were used for all studies. All mouse studies were conducted according to protocols approved by the Institutional Animal Care and Use Committee at the California Pacific Medical Center Research Institute.

Plasmid construction
--------------------

The CpG-free gBlock fragments (Integrated DNA Technologies) containing R6K, Kan^r^, and multiple cloning sites (Dra III, Eco RI, and Nhe I) were assembled using the Gibson Assembly Method (NEB) as a 1.2-kb base vector. To accommodate multiple rounds of cloning into the base vector, the expression cassette was constructed in pUC19 by placing Eco RI--Nhe I and Xba I restriction sites at the 5′ and 3′ ends, respectively, flanking the expression cassette. The open reading frame (ORF) was inserted at Bst EII--Bgl II, and the enhancer/promoter was located between the Nhe I and Bst EII sites. The polyadenylation site was between the Bgl II and Xba I sites. The Eco RI--Xba I expression cassette fragment was then inserted into the CpG-free base vector at the Eco RI--Nhe I sites. The ORFs of hG-CSF/CSF3 (GenBank X03438.1) and soLux ([@R11]) were CpG free. The ORFs of rituximab (U.S. patent US5736137), anti-Flu mAb (GenBank JF791169.1 and X57821.1), and anti--hIL-5 mAb (U.S. patent US20030059429) were constructed as CpG free and codon-optimized using GeneArt (Thermo Scientific) software.

DNA vector production
---------------------

Plasmid was produced using the GeneJet Endo-free Maxiprep Kit (Thermo Fisher), according to the manufacturer's instructions. Plasmid was eluted with lactated Ringer's solution (LRS) and filter-sterilized with a 0.2-μm sterile syringe polyethersulfone membrane (Millipore).

Liposome production
-------------------

DOTAP and DMPC (14:0 PC 1,2-dimyristoyl-sn-glycero-3-phosphocholine) lipids were obtained from Avanti Polar Lipids (SKU 890890C and 850345C). Dexamethasone 21-palmitate (Dex-Palm) was obtained from Toronto Research Chemicals (D298830). MLV stocks were prepared by suspending DOTAP or DMPC, with or without Dex-Palm, in 5% dextrose in water. Cationic SUV stocks were prepared by suspending DOTAP, with or without Dex-Palm, in 5% dextrose in water and sonicating in a water bath sonicator (Avanti Polar Lipids).

HEDGES injections
-----------------

For intravenous injections, mice were injected in the lateral tail vein with liposomes suspended in LRS. Approximately 2 minutes later, they were injected in the lateral tail vein with DNA vectors suspended in LRS. For intraperitoneal injections of glucocorticoids, mice were injected with water-soluble dexamethasone (SLBW5982; Sigma-Aldrich) suspended in LRS 2 hours before the sequential intravenous injections of liposomes and DNA vectors. For cationic and neutral liposome intravenous coinjection, DOTAP cationic liposomes and DMPC neutral liposomes were combined.

Blood collection
----------------

Mice were anesthetized by isoflurane inhalation and bled via submandibular vein puncture. Blood was collected into serum separator tubes or lithium heparin-coated tubes (365967 or 365985; Becton Dickinson).

Tissue harvest
--------------

Mice were euthanized via CO~2~ inhalation, and blood was cleared by perfusion of phosphate-buffered saline. For flow cytometry, lungs were harvested and minced, and then frozen in CELLBANKER 2 freezing medium. For histopathology, organs were harvested and fixed in 10% neutral buffered formalin before transfer into 70% ethanol for staining and analysis at the University of Washington Histology and Imaging Core.

Complete blood count and serum chemistries
------------------------------------------

Whole blood collected from mice and plasma or sera isolated from blood were analyzed at the Comparative Pathology Laboratory at University of California, Davis for complete blood counts (ANC, absolute lymphocyte count, and platelets) and chemistries (ALT and AST).

ELISA analysis of plasma and serum
----------------------------------

Plasma levels of hG-CSF were analyzed using the hG-CSF Quantikine enzyme-linked immunosorbent assay (ELISA) kit (SCS50; R&D Systems). Serum rituximab levels were analyzed using the rituximab ELISA kit (IG-AB106; Eagle Biosciences). For anti--hG-CSF, 5J8, and anti--IL-5 mAb ELISAs, immunoassay plates were coated with antigen (BioLegend 578606 and Sino Biologicals 11085-V08H and 15673-HNCE, respectively) and blocked with 3% bovine serum albumin. After binding of expressed serum proteins, detection was carried out with enzyme-linked anti-human IgG and 3,3′,5,5′-tetramethylbenzidine substrate (AP113P; Millipore). For the anti-rituximab ELISA, the coat protein was rituximab from InvivoGen, and the detection antibody was goat anti-mouse IgG H+L horseradish peroxidase from Thermo Fisher.

Histopathology
--------------

Tissue samples were paraffin-embedded, sectioned, and stained with hematoxylin and eosin. Slides for immunohistochemistry were processed on a Leica Bond Max Automated Immunostainer. Antigen retrieval on slides was performed using EDTA solution, and 10% normal goat serum was used as blocking agent. Antibodies were used against CD31 (SZ31; Dianova) and p53 (2527; Cell Signaling). Additional blocking for endogenous peroxidase was performed with Leica peroxide block (DS9800). Slides were visualized using Leica Bond Mixed Refine detection. Tissues were hematoxylin counterstained, dehydrated with 100% ethanol, cleared in xylene, and mounted with resin mounting medium.

Cell viability assay
--------------------

Raji cells (1 × 10^5^ cells per well of a 96-well plate) were incubated for 1 hour at room temperature with either recombinant rituximab, sera from mice injected with HEDGES vector encoding rituximab and lipid, or control mouse sera (mice injected with hG-CSF and lipid). Twenty microliters of pooled normal human plasma (from Innovative Research) was then added to all wells, and the plates were incubated for another 12 hours at 37°C. Samples were run in duplicate. Cell viability was measured using the Promega CellTiter-Glo reagent according to the manufacturer's instruction (G7570).

IAV microneutralization
-----------------------

Prediluted sera (1:40), heat-treated for complement inactivation, from mice receiving HEDGES treatment for heavy and light IgG chain genes of 5J8 (anti-H1) or rituximab (anti-hCD20, a negative control) were tested in triplicate for the capacity to neutralize 100× TCID~50~ (median tissue culture infectious dose) Cal09 H1N1 IAV (strain X-179a) in a standard in vitro microneutralization assay ([@R36]). Data were normalized by setting control serum to 0% and uninfected wells to 100%.

Genomic integration analysis
----------------------------

Integration analysis by nonrestricted linear amplification-mediated PCR was performed as previously described ([@R37]).

Statistics
----------

*P* values for ELISA assays, viability assay, and toxicity markers were calculated by two-sided, unpaired Student's *t* test or analysis of variance (ANOVA) using GraphPad Prism software.
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Fig. S1. HEDGES hG-CSF cDNA injection elicits the production of endogenous mouse anti--hG-CSF antibodies.

Fig. S2. Intravenous HEDGES injection of the human TP53 cDNA is expressed predominantly in mouse VECs.

Fig. S3. Intravenous injection of HEDGES vector DNA does not detectably integrate into genomic DNA of injected mice.

Fig. S4. HEDGES treatment with a β-GAL reporter-containing plasmid results in expression of reporter in CD31^+^CD45^−^ lung cells in mice.

Fig. S5. Development of mouse anti-rituximab antibodies suppresses rituximab levels in HEDGES-treated mice.

Table S1. HEDGES expression plasmids.
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